ABSTRACT This paper proposes a general characteristic mode-based design procedure of simple three steps for wideband circularly polarized (CP) antenna design. First of all, the characteristic mode analysis is carried out to understand the different modes of a proposed antenna geometry without feeding network. Second, modal currents and their corresponding modal fields (radiation patterns) are studied for choosing modes to shape the required radiation pattern. Finally, a suitable feeding structure is chosen to excite the desired modes at the same time owns a good impedance matching. As an example, a CP patch antenna fed with cross-shaped aperture is proposed and designed following the design procedure. Patch consisting of H-shaped unit cells is used as the radiator. Characteristic mode method is applied to analyze the modes of the proposed antenna and explains the property of wide band circular polarization. It is revealed that higher order modes of the patch can be used to achieve circular polarization over a wideband of frequency. The antenna is fabricated using printed circuit techniques. The return loss and radiation properties are measured and compared with simulation results. With the highly coupled units, a wide impedance bandwidth of 38.8% is obtained. Besides, a wide 3-dB axial ratio bandwidth of 14.3% is achieved.
I. INTRODUCTION
Wireless communication requires circularly polarized (CP) antennas with wide bandwidth, high gain and low profile. Microstrip antenna is a good candidate as it owns the advantages of low profile and easy fabrication. CP microstrip patch antenna can be achieved with single-feed or multi-feed techniques [1] , [2] . Truncated square patch antenna, slotted patch antenna are popular CP patch antennas. Rectangular patch with cross-shaped aperture feed has also been proposed to achieve the circular polarization [3] .
These antennas have low profile and can be easily fabricated. However, the limited bandwidth, especially the 3 dB axial ratio bandwidth, has always been the drawback of such antennas. The reason is that the two orthogonal modes own a same magnitude and 90-degree phase difference at only one single frequency. Generally, the bandwidth of patch antennas can be improved by using substrate with lower dielectric constant and higher thickness. Air substrate, for example, can improve the bandwidth a lot. But it makes the antenna quite thick and bulky, and cannot be easily fabricated using printed circuit technique. Another way of improving the bandwidth is to use double-feed CP antenna. It is achieved by feeding the antenna at two different feeding point with 90-degree phase difference in two orthogonal directions. The bandwidth of a cross-aperture coupled patch antenna can also be enhanced by using broadband couplers [4] , [5] . But these CP antennas often involve complex feeding structures.
The mushroom-like metamaterial structures have been used to enhance the performance of antennas. It has been used as artificial magnetic conductor (AMC) or high impedance surface (HIS) to increase the bandwidth of low profile antennas [6] - [8] . A rectangular shaped HIS has also been used as ground to form the circular polarization and to increase the bandwidth of the 3-dB axial ratio [9] , [10] . Recent studies have used square metamaterial patches as the patch radiator. It is able to provide a wider bandwidth for a linear polarized antenna from additional modes [11] , [12] . From this point, a wide circular polarization bandwidth should be able to be achieved if the antenna can provide additional orthogonal modes with 90-degree phase difference.
Characteristic mode (CM) theory developed in [13] and [14] has been proved useful in antenna designs [15] .
It gives a clear understanding of each resonant mode, the corresponding mode current, as well as its far field radiation pattern. This information can provide important guidance to design an antenna with maximized performance through finding the best feeding point, reducing antenna size and enhancing the bandwidth etc [15] - [25] . Recently, the CM theory has been used to analyze a metasurface based antenna with linear polarization [26] . But only the fundamental modes are used and the phase information of each mode is not studied which is actually quite useful for CP antenna design. Also, as the CM theory is independent of feeding structure, it can be used to have a ''pre-check'' on the radiation properties without the feeding, especially when the radiator has a complex shape.
In this paper, 4 × 4 H-shaped HIS unit cells are used as the radiator to form the patch antenna. The antenna is fed with a cross-shaped aperture. By analyzing the structure using CM theory [14] , [15] , it is found that such a patch antenna is able to achieve a wide CP bandwidth with proper modes. The current and radiation pattern of all the possible modes are analyzed. It is revealed that with selected characteristic modes, a constant phase differences in two orthogonal directions can be excited. The cross-shaped aperture is applied to feed the antenna which can be used to excite the required modes [27] . In addition, because of the extra capacitance brought by the patch with unit cells, the antenna is able to provide a good impedance matching over a very wide bandwidth. This paper is organized as follows: In section II, the configuration of the antenna without feeding is proposed with detailed dimensions. Section III gives some reference equations for CM theory, after which the CM theory is used to analyze the existing modes in the antenna. Mode current and mode radiation pattern are studied to find the required modes. In Section IV, cross shaped aperture is chosen to excite the required modes with good impedance matching. The influence of the feeding structure to the S parameters and axial ratio is also studied. In Section V, a prototype of the proposed antenna is fabricated. Measured results are presented and compared with simulations. The paper ends with a conclusion in Section VI.
II. ANTENNA CONFIGURATION
The configuration of the antenna without feeding is presented in Fig. 1 . As is shown, a 4 × 4 nonuniform 'H'-shaped patch array is printed on the top surface of the substrate. The substrate has a relative permittivity ε r = 3.38 and thickness h 1 = 3.048 mm. The period of the unit is p 1 and p 2 in x and y directions, respectively. The gap between each unit is g 1 in both x and y directions. Here we start with H-shaped unit cell as it gives better circular polarization compared with a rectangular-shaped unit cell. With 4×4 unit cells, the antenna owns the potential to operate over wider frequency band. At the fundamental mode, the current flows on the whole antenna, contributing to radiation at lower frequencies. On the other hand, at higher modes, the mode current mainly flows on parts of the antenna (the inner 2×2 unit cells, for example), contributing to radiation at higher frequencies. The dimensions of the patch are presented in Table 1 . Unlike the normal patch antenna, the radiation happens not only at the edge but also at the slots between the units. That provides flexibility to change the phase of the far field electric field as more radiating modes are involved. The phase velocity is slower than the speed of light in the substrate. That will lead to a more compact size of the antenna compared with square patch antenna.
III. CHARACTERISTIC MODE ANALYSIS
With nonuniform shape of the metalmaterial unit, the modes exited in these x and y directions differ with each other. With specific design, it is able to excite modes that have a phase difference of 90 degrees in two directions over a wide frequency range. With slots between unit cells, more than one mode can be excited. In order to have a better understanding VOLUME 6, 2018 of the existing modes in the antenna, CM theory can be used to analyze this antenna. For ease of reference, some equations of CM theory are briefly presented here.
A. CHARACTERISTIC MODE THEORY
Two parameters namely the modal significance MS [16] and mode angle α [17] are obtained with the eigen value λ. These two parameters are independent of the excitation or source. The total current on the perfectly electrically conducting (PEC) body J can be expressed as the combination of different mode current:
where J n is the mode current for mode n. c n is the complex modal expansion coefficient which determines the weighing of each mode of the total current. Mode with a large |c n | means a dominate mode for the PEC body. On the other hand, J can also be expressed as [14] :
where V i n is called the modal excitation coefficient. From equation (1) and (2), we can get the expression for|c n |
Equation (3) shows that there are two conditions to excite the desired mode. Not only a large modal significance is needed, but also a large modal excitation coefficient V n is required. The modal excitation depends on the properties of feeding such as the feeding type, feeding position etc. So as to let an antenna to operate in a specific mode, it has to be fed properly. This method is not limited to all metal antennas and microstrip antennas, it can also be used for dielectric resonator antennas (DRA) with the development of CM theory for dielectric structures [28] , [29] . In the following subsection, the modes of the proposed antenna are analyzed in details.
B. EXISTING MODES OF THE PROPOSED ANTENNA
In this paper, the antenna without feeding structure is analyzed using CM analysis. The substrate and the ground plane are considered infinite. The impedance matrix can be conveniently generated using FEKO after which an inhouse Matlab CM theory code with robust mode tracking implementation [15] is used to carry out CM analysis from 4.5 to 6.5 GHz. Then, the calculated results are plotted by importing data back to FEKO. The modal significance of the first 9 modes is presented in Fig. 3 . At lower frequencies, 4.5 GHz for example, only mode 1 has modal significance larger than 0.5 so that only mode 1 will dominate in the antenna. As frequency gets higher, more modes with relatively large modal significance are involved. In order to analyze the modes of the antenna clearly, the current and far field of different characteristic modes are studied. Fig. 4 presents the modal current and modal field (far field) of different modes at 5.3 GHz. We can see that among these modes, only mode 1, mode 3 and mode 8 radiate in the +z direction as the current on the patch is symmetric with respect to xz and yz planes. On the other hand, for the other modes (mode 2, mode 4, mode 5, mode 6, mode 7 and mode 9), the current is antisymmetric with respect to xz or yz planes. That will lead to a cancellation of electric field in the far field region in the +z direction (as is shown in Fig. 4) . Besides, higher order modes (from mode 5 to mode 9) can hardly be excited at this frequency as their modal significance is quite low. As a result, only mode 1 and mode 3 can be excited at 5.3 GHz. These two modes correspond to the fundamental mode in y and x directions, respectively. A circular polarization is formed when these two orthogonal modes have a phase difference of 90 degrees. As frequency gets higher, some higher order modes are involved with modal significance higher than 0.5. The modal current and modal field (far field radiation pattern) of the first 9 modes at 5.8 GHz are presented in Fig. 5 . Same with the lower frequency, mode 2, mode 3, mode 4, mode 5, mode 6 and mode 9 own antisymmetric mode current, resulting in a cancelation of field in +z direction. There are only 3 modes that are radiating in the +z direction. Mode 1 and mode 8 are the modes in the y direction. Mode 7 is the mode in x direction. Mode 1 is still dominant in the y direction until 5.8 GHz. Above 5.8 GHz, mode 8 and some other higher order mode will get in. It is noted that although the current for mode 8 is symmetric, the current on the outer two rows of units has a different direction with the inner two rows. That will lead to side lobe of the antenna at higher frequencies.
The phase of the required modes (radiating in +z direction) are presented in Fig. 6 . It can be seen that unlike the traditional patch antenna. The phase difference between mode 1 and mode 3 is almost constant with a value of 70 degrees which is close to 90 degrees. As frequency goes above 5.5 GHz, the current of mode 3 becomes antisymmetric which cannot be excited. Instead, mode 7 is excited. If we look at the phase of mode 1 and mode 7, it can be seen that the phase difference between mode 1 and mode 7 is also around 70 degrees from 5.5 GHz to 5.8 GHz. However, when frequency goes up to 6 GHz. More modes will be involved which makes it difficult to analyze. The circular polarization performance will also become worse accordingly. A constant phase difference over the frequency band of interest ensures the potential of wideband CP. In addition, a well-designed feeding network can more or less contribute to certain phase difference as a compensation to the modal phase. This can be well explained by equation (2): when V i is a complex value, the phase of the mode current can be varied.
IV. ANTENNA FEEDING NETWORK A. CROSS APERTURE FEED
Knowing that only some of the modes are useful to us, it is necessary to feed the antenna properly so that the desired modes are excited while the undesired modes are not. In order to have a high gain at bore sight direction, the feeding should provide a good impedance matching for the symmetric mode without excitation of antisymmetric mode.
Usually there can be more than one type of feedings suitable for the antenna if there is only one mode with high modal significance. For example, probe feed, microstrip feed, and aperture feed, all can be used for rectangular patch antenna. When there are multiple modes at the frequency of operation, the feeding needs to excite the required mode without exciting other modes. This requirement gives more restrictions to the feed design. For the antenna proposed in this paper, symmetric current needs to be excited in case unrequired modes are excited. Besides, the ground plane should remain same with VOLUME 6, 2018 the model for CM analysis as much as possible in order to keep the CM results with less perturbation. Considering these factors, aperture feed is a good choice for the antenna.
Aperture feed can provide a large electric coupling at where the aperture is. From Figs. 4 and 5, we can see the current/magnetic field of mode 1, mode 3 and mode 7 is highest at the center gap. From the current distribution of the modes, the magnetic current of the aperture should be in same direction of the mode current and placed at where the current is maximum. Besides, when the aperture is positioned at the center, the two halves of the antenna are symmetric with respect to the aperture. That will lead to a symmetric current distribution with respect to the aperture. The modes with antisymmetric mode current can hardly be excited. The side view and top view of the cross-shaped aperture is shown in Fig. 7 . The feeding structure is formed on an extra substrate. The substrate has a relative permittivity ε r = 3.38 and thickness h 1 = 0.813 mm. The energy is first coupled from the microstrip line to the aperture. Then the cross-shaped aperture excites modes in two orthogonal directions.
When the proposed antenna is fed with a cross-shaped aperture, it can be seen that the antenna is fed by two aperture in orthogonal directions. The electric field in each of the apertures is almost constant in direction that produces a 'clean' linear polarization with low cross-pol. This means one of the aperture will only excited modes in the x direction and the other aperture will only excited modes in the y direction.
Besides, the proposed antenna has a better impedance matching than a normal patch antenna. In principle, a thin grounded substrate can be treated as a simple inductance. That will cause a narrow impedance bandwidth in normal patch antenna when the reactive part cannot be canceled. In this structure, the metasurface units on the other hand can be treated as a capacitive sheet which can be used to cancel the inductance of the grounded substrate, leading to a wide impedance bandwidth. Thus it is easy to achieve a wide impedance bandwidth by tuning the length and width of the aperture.
B. EFFECT OF APERTURE FEEDING TO THE AXIAL RATIO
In the CM analysis, infinite ground plane is assumed and the feeding network is not considered. In actual design, there is a cross-shaped aperture on the ground plane. It is necessary to study the effect of the feeding on the proposed antenna. Antenna with different size of cross-shaped apertures are studied here. The S parameters and the axial ratio of three different aperture size are selected and presented in Fig. 8 .
As is shown, the aperture size has a great influence on the S parameters as the conductance of the aperture change with width and length of the aperture. However, the axial ratio of the antenna does not change much. That is because the exited modes of the antenna will not change much as long as the feeding type is not changed.
There have been quite a few papers discussing the strategy of getting a good impedance matching with an aperture [4] , [30] , [31] . As such, details of the optimization procedure for the feeding is now presented here. The optimized parameters of the feed are listed in Table 2 . 
C. COMPARISON BETWEEN FULL WAVE SIMULATION AND CM THEORY
To better demonstrate that the proposed modes excite the circular polarization, full wave simulations is carried out with CST Microwave Studio (MWS) and the far field electric field is captured in +z direction. Both the amplitude and phase of the far field electric field can be obtained. The phase difference of electric field in x and y directions is calculated and compared with phase difference of different characteristic modes. As is shown in Fig. 9 , the dashed line is the phase difference of the far field electric field in x and y directions from 5 to 7 GHz. The solid line is the phase difference between mode 3 and mode 1 which are the main modes in x and y direction at lower frequencies. The dashdotted line is the phase difference between mode 7 and mode 1 which are main modes in x and y directions at higher frequency between 5.7 GHz to 6 GHz. The phase difference between mode 1 and mode 3 shows a constant phase difference of around 70 degrees from 5 to 5.6 GHz which is close to 90 degrees. However, from 5.6 GHz and above, the phase difference between mode 1 and mode 3 starts to drop. Also, the main lobe of mode 3 is no longer in the +z direction as shown in Fig. 3 . Instead, mode 7 has mode current flowing in the x direction and radiation pattern that radiates in the +z direction while mode 1 is still dominating in the y direction. The phase difference between mode 1 and mode 7 is also close to 90 degrees. As for far field electric field, the phase difference between the x and y directions is close to 90 degree from 5 to 6 GHz with the phase compensation from cross aperture feeding structure. That leads to a circular polarization in this frequency range.
V. EXPERIMENTAL VERIFICATION
The antenna is fabricated using 3 layers of substrates. The first two layers of RO4003 have a thickness of 1.524 mm to achieve an overall thickness of 3.048 mm. The patch units are printed on the top surface of the first layer of substrate. A third layer of RO4003 with the thickness of 0.813 mm is used as the feeding structure. The cross aperture is printed on the top surface while the microstrip line is printed on the bottom side. The three layers of substrates are stick together with a thin layer of nonconductive superglue. The photos of the assembly are presented in Fig. 10 . The simulated and measured radiation pattern at 5.2 GHz, 5.5 GHz and 5.8 GHz is presented in Fig. 12 . A good agreement between the measurement and simulation is achieved. Simulated results show a good cross polarization rejection of more than 15 dB in the boresight direction for all three frequencies. At 5.2 GHz and 5.5 GHz, there is no side lobe. But at 5.8 GHz, side lobe starts to appear because of additional modes involved. That also leads to some gain reduction at boresight. The boresight gain is shown in Fig. 13 . A maximum gain of 9.4 dBic is obtained at around 5 GHz. The simulated radiation efficiency is above 90% over the operating frequency. Besides, the gain is almost constant over the operating frequency. The chamber used for measurement is typically designed for high gain antennas with a metal antenna holder. For this measurement, we have placed absorbers on the antenna holder to reduce the wave reflection from it. As such, only the front half of measured radiation pattern is presented. There is about 0.9 dB difference between the measured and simulated gain, which is quite reasonable with considering fabrication tolerance and the reflection from the antenna holder. 
VI. CONCLUSION
A three step design procedure using characteristic mode theory has been used to design a wideband circular polarized patch antenna consisting of H-shaped unit cells. It has been revealed that the structure can support more than one mode in the frequency band of interest in two orthogonal directions. Cross-shaped aperture has been used to feed the antenna. With the symmetric cross-aperture feeding, only modes with symmetric current are able to be excited. These modes have a constant phase difference at a wide range of frequency, forming a wide band circular polarization. This design procedure provides great convenience for the CP antenna design by designing the radiator and feeding structure separately. That makes it much easier to design a CP antenna compared with other approaches.
A prototype of the proposed antenna has been designed and measured. The prototype has a wide impedance bandwidth of 38.8% and 3 dB axial ratio bandwidth of 14.3%. Besides, a nearly constant gain of around 8.5 dBic has been obtained over the operating frequency.
